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Upon entry of the instant amendment, claims 1-14X and 24-30 are pending in the 
instant application. Claims I, 7-9, 11,13, 14, 24, 27 and 28 have been amended. Claims 
15-23 have been canceled without prejudice. New claim 30 has been added. Applicants 
respectfully submit that the amendments do not introduce new matter and are made 
without any intention to abandon the subject matter as filed, but with the intention that 
claims of the same, greater, or lesser scope may be filed in a continuing application. 

Claim Objection 

The Examiner objected to claim 1 1, as being a multiple dependent claim which is 
dependent from another multiple dependent claim. To clarify claim 1 1, claim 1 1 has 
been amended to depend only from claim L Applicant believes that this amendment 
overcomes the rejections of the Examiner in this regard. 

Rejections Under 35 U,S,C, 8101 

The Examiner rejected claims 17-23 under 35 U.S.C. §101 as the claimed 
recitation of a use without any process steps results in a claim which is not a proper 
process claim. Applicant respectfully traverses the rejections; however, in order to 
expedite the prosecution, Applicant has chosen to cancel claims 17-23 without prejudice. 
Applicant believes that these cancellations overcome the rejections of the Examiner in 
this regard. 

Rejections Under 35 U.S-C §112, second paragraph 

The Examiner rejected claims 1-29 under 35 U.S.C. §112, second paragraph. 
Applicant respectfully traverses the rejections. 

Claims !, 13 and 27 were rejected for reciting "derivative thereof*. The actual 
recitation was "quinazolinone derivative". In order to expedite the prosecution, 
Applicant has chosen to amend claims 1, 13 and 27 to remove the recitation of 
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-^der-ivative^AppH^ 
Examiner in this regard. 

Claims 1,13 and 27 were rejected for reciting "the general". The actual recitation 
was "the general formula I", which was only recited in claims 1 and 13. In order to 
expedite the prosecution, Applicant has chosen to amend claims 1 and 13 to remove the 
recitation of the word "general", according to the recommendation of the Examiner. 
Applicant believes that these amendments overcome the rejections of the Examiner in 
this regard. 

Claims 1,13 and 27 were rejected for reciting "pharmaceutical^ acceptable 
salts". In order to expedite the prosecution, Applicant has chosen to amend claims 1, 13 
and 27 according to the recommendation of the examiner to remove the recitation of the 
plural form of "salts", so as to recite "pharmaceutical ly acceptable salt". Applicant 
believes that these amendments overcome the rejections of the Examiner in this regard. 

Claims 14 and 28 were rejected for reciting "solvent"- In order to expedite the 
prosecution, Applicant has chosen to amend claims 14 and 28 according to remove the 
recitation of the word "solvent". Applicant believes that these amendments overcome 
the rejections of the Examiner in this regard. 

The Examiner rejected claims 17-23 for indefiniteness as the claimed recitation 
of a use without any process steps results in a claim which is not a proper process claim. 
Tn order to expedite the prosecution, Applicant has chosen to cancel claims 17-23 
without prejudice. Applicant believes that these amendments overcome the rejections of 
the Examiner in this regard. 

Rejections Under 35 (J.S.C 8 103(a) 

The Examiner rejected claims MO and 12-29 under 35 U-S.C §103(a) as being 
anticipated by Pines (WO 98/34613) in view of Nagier (Nagler et al, Am J. Respir. Crit 
Care, 154, pp 1082-1086, 1996; a copy is attached for the convenience of the Examiner). 
Applicant respectfully traverses the rejections. 
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Rimes-teaches4he-use-of4ialo^ 

All of the experimental examples relate to the use of halofuginone alone, without any 
other treatment, such as chemotherapy or radiation therapy. Pine does not teach or 
suggest even the possibility of such a combination. 

Nagler teaches that halofuginone may be used to treat pulmonary fibrosis after 
being induced by bleomycin in rats- While bleomycin is an adjuvant chemotherapeutic 
agent, the rats in the study did not have any malignancy. Instead, bleomycin-induced 
pulmonary fibrosis was being used as a basic model for pulmonary fibrosis itself; the 
method of induction of such fibrosis was irrelevant for the study performed. Thus, no 
effect of bleomycin and halofuginone on cancer was studied, nor was it taught or 
suggested that such a combination may have a therapeutic effect. 

By contrast, the present invention relates to a pharmaceutical composition and a 
method for treating cancer through the synergistic action of a quinazoliuone compound, 
such as halofuginone, and an anti-cancer therapeutic agent, which may be (for example) a 
chemotherapeutic agent and/or radiation. Data is shown to support such synergism in the 
text of the present application; in addition, further data is presented in the attached 
published article by Sheffer el al (and the present inventors), "Inhibition of fibroblast to 
myofibroblast transition by halofuginone contributes to the chemotherapy-mediated 
antitumors effect", Mol Cancer Ther 2007;6(2). February 2007. This article 
demonstrates synergistic effects for docetaxel and vincristine with halofuginone for 
treatment of malignancies, including prostate cancer and Wilms' tumor. 

The present invention also relates to a method for alleviating or preventing the 
damage induced by radiation therapy through administration of a quinazolinone 
compound, such as halofuginone. 

Neither of the above references, alone or in combination, teaches or suggests 
these aspects of the present invention. As noted above, Pines teaches the effect of 
halofuginone alone on cancer, so synergism with an anti-cancer agent is not possible; 
Pines is also silent on preventing or alleviating damage caused by radiation. Nagler 
teaches that halofuginone may be used to treat the side effects of bleomycin with regard 
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to-pulmonar^-fibrosis;-^ 

actually working against the effects of bleomycin. Nagler is also silent on damage caused 
by radiation. There is no motivation to combine these references, as they are not related 
to treatment of the same or even similar diseases. Furthermore, even if combined, they 
would fail to teach synergistic treatment of cancer or preventing or alleviating damage 
caused by radiation. 

To more distinctly point out the invention in these embodiments, Applicant has 
chosen to amend claim 1 to recite that "said quinazolinone compound and said at least 
one additional anti tumor treatment are effective synergistically". Support for this 
amendment can be found in paragraphs 1, 21 and 29 of the application as published. 

A new dependent claim, claim 30, depending from claim 1, has been added to 
recite that the "cancer is selected from the group consisting of glioblastoma and 
pancreatic cancer". Support for this new claim can be found in paragraphs 100-106 and 
paragraphs 126-127 of the application as published. 

Claim 13 has been amended to recite at least one additional anti tumor agent 
"selected from the group consisting of BCNU, radiation, docetaxel and vincristine, or a 
combination thereof. These agents were demonstrated to be synergistically effective 
with halofuginone in experiments published in the above referenced paper or in the 
present application. 

Applicant feels that these amendments and arguments overcome the Examiner's 
rejections in this regard. 
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CQNCLUS |Q^ 

Applicant believes that the claims are in condition for allowance, if the Examiner 
believes that a telephonic interview with the undersigned would expedite prosecution of 
this application, the Examiner is cordially invited to call the undersigned at (30 1) 952- 
1011. 

Respectfully submitted, 



Date: March 1 0, 2008 D'vorah Graeser, PhD 

Reg. No. 40,000 Agent for Applicant 

Tel. No. (30 1) 952-101 1 c/o Discovery Dispatch 

9003 Florin Way 

Upper Marlboro, Maryland 20772 
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figure 7. Effect of halofucjinone on hydroxyproline concentrations 
inlungsof bleornycin-treatcd rats after 4 and 6 wk. k p< 0.05 relative 
to Intact control rats, 
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figure 2. Effect of halofucjinone on protein coiKenl i tiom In lungs 
of bleomycJrKreated rats after 4 and 6 \vk, »p < o.t i relative to in- 
tact control rats. 



sis, (he collagen and protein contents of the lungs were determined, as 
fotlowg; the entire dried right lower lobe was weighed and finely minced 
and homogenized in distilled water and subsequently boiled in distilled 
water for 30 min. After cooling and centrifugatfcm, the Ussue residue 
was subjected to a second cycle of the exi ractioa, boiling, and centri f li- 
gation procedure, Both supernatants thus obtained were pooled, and 
aiiquots were taken for the determination of hydroxyproUne (Hypro)* 
as a marker for collagen, and protein by the method of Bradford (16)* 
For Hypro determination, sample aliquot* were subjected to acid hy- 
drolysis with 6 N HO at 138° C for 3 h followed by the assay according 
toStcgemann and Stalder (17), The results were expressed as micrograms 
per mg tissue dry weight, and as the Hypro/proteJn ratio calculated from 
data obtained from the same tissue aliquot. Quantity of DNA was de- 
termined by the method of Burton (18). The statistical significance of 
the results was determined by the f wo-sample Student's f test for differ- 
ences in means (19). 

Histologic Analysis 

The Camoy-fixed Jungs were paraffin-embedded, and histologic sections 
6 mm thick were cut from the apex, central part, and tower end of the 
left lung, and stained with hematoxylin-eosia or Van Oiesont itain for 
interstitial collagen. Some sections were examined for the presence of 
mast cell chymaae using a monoclonal antibody to rat mast cell chyruase, 
kindly provided by Dr. David Wooltey, Manchester, UK. The method 
employed for the iocaii ration of chymase^x>siu've cells was that described 
by Tellow and Woolley (20). 



A significant decrease in DNA levels was 0 erved in the 
fibrotic lungs of bleomycin -treated rais after 4 hi .6 wk, which 
was abolished by halofuginone (Figure 4), 

Examination of the histologic sect i 5ns reveaie diffuse inter- 
stitial pneumonitis and fibrosis in tint lungs of u btoemyem- 
trcated animals after 6 wk (Figure 5>. However, the lungs of 
Meorrrycin-treated animals that also received ha cuginone, an 
almost norma) histologic picture ws* apparent • th very little 
inflarnmation or fibrosis (Figure 6). 

A surprising finding, although not quaniitaie in this study, 
was that of conspicuous decrease i» the numb* of chymaso 
positive mast cells in the lungs of bleornycin-tre isd animals 4 
and 6 wk after bleomycin treatment (Figure 6), 1 : mpared with 
those of the untreated animals, Halofuginone s 1 rned to have 
no effect on the number and dist ribut ion of mast : lis (Figure 7). 

DISCUSSION 

Pulmonary fibrosis leads 10 progress: ve accumu i tion of inter- 
stitial connective tissue of which collagen is the : tajor compo- 
nent (21). Tissue repair in animals of higher phyl including hu- 
mans Is preceded by the formation of a fibrous s- ; r, rather than 
by regeneration. This is no more tha n a second 1 : st solution to 
the problem created by interrupting tissue imegr \ because the 
^biosls-lhat^rplacesxoroplcauUsut^du^ 



RESULTS 

The administration of bleomycin for seven consecuUve days 
brought about a significant increase in collagen as measured by 
hydroxyproline concentrations and protein in the lungs (expressed 
at ug/mg dry weight) after 4 and 6* wk compared with control 
(Figures I and 2). The hydroxy prolinc/protcin ratio increased sig- 
nificantly from 0.5 + 0,008 In the controls to 0.7 + 0.05 after 
4 wk, and 0,9 + 0.075 after 6 wk in the lungs of bleomycln^treated 
animals (Figure 3). 

The administration of halofuginone alone had no effect on 
hydroxyproline concentration or the Hypro/protein .ratio, com- 
pared with control animals after 4 and 6 wk (Figures M). How- 
ever, in the lungs of the bleomycin- treated rats, halofuginone 
treatment brought about a significant reduction (p < 0.001) in 
the hydroxyproline levels which decreased to that of the controls 
after 4 and 6 wk (Figure I). The protein levels were significantly 
lower in the lungs of bleomycin-crcated animals that received 
halofuginone after 4 wk (p < 0.003), but not after 6 wk, com- 
pared with bleomycin treatment alone (Figure 2) II is notewor- 
thy that halofuginone had no anorectic effect when administered 
alone or following bleomycin treatment. 




f(9une 3. Effect of halofuginone on hyd 'oxyproline : rotein ratio in 

lungs of bleomycirvtreated rats. The ratio was cala ; ted from data 

obtained from the same sample aliquot. *p < 0.05 : ativo to intact 
control rats. 
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f/ew« 4. Effect of ha bfuginone on DNA levels in lungs of Weomycln- 
treated rats after A and 6 wk, *p< 0.05 relative co intact control nits. 



about functional aberrations (22). Thus, control of excessive 
fibrosis formation and its related complications is of paramount 
importance for the health and welfare of ihe patient, It is weil 
established that collagen synthesis occurs at a higher rate in wounds 
that in normal tissue immediately following injury {22). This early 
appearance of newly synthesized collagen in an injured area is 
of major importance, because the ncocollagen is turned over! 
and the ratio between its synthesis and degradation plays a cru- 
cial role in the ultimate outcome of the healing process. The de- 
velopment of therapeutic strategies for lung.flbrosis by specifi- 
cally targeting various aspects of fibrogenesis and collagen type 
I synthesis may, therefore, be of therapeutic, importance. 

Wc used the bleomycin model to induce pulmonary fibrosis, 
and we showed that the lung architecture could be restored and 
the interstitial pneumonitis and fibrosis were almost completely 
abrogated when the animals were administered halcfuginont 
This was accompanied by a significant reduction in lung colla* 
gen content and correlated with the histologic findings indicat- 
ing an almost complete absence of fibrosis in the lungs of the 



haloluginonc- treated animals. These results are in '< ; reement with 
Our previous observations demonstrating a spec lie inhibition 
i n the expression of collagen type I by halof uginoi ! both in vitro 
(15) and fn vivo (12, 13). Li is of interest to aote at the effect 
of hafofuginone on collagen type t wis apparent M sites of in- 
creased metabolic activities, such as during <ievel< : Jng fibroses. 
This is similar to an earlier published observatio >n the effect 
of a beta-receptor blocking agent on increased co ; gen produc- 
tion during development of a granuloma bat nc in the intact 
skin (23). 

The conspicuous decrease in DNA observed i the lungs of 
bleomycm-treaied animals was in agreement with r ; ults of previ- 
ous in viiru studies in which a decrease in DNA ■ *s found in 
cultured fibroblasts incubated in the presence o trying con- 
centrations of bleomycin (24-26), Tho increase i DNA which 
we found following halofuginonc acrninisuatiot night be as- 
sociated with both the abolition of the bleomycin iduced inhi- 
bition and the inhibiting effect of halofuginone < * the fibrotic 
process which leads to decreased ceilulanty. 

We have no obvious explanation fcr the obsei * d, although 
not quantified, conspicuous decrease in pulmon y mast cells 
following bleomycin treatment, as demonstrate! by the anii- 
chymase reaction in all the examined sections from ' i ? Weomycm- 
treated animal lungs. It is, however, con astern with • irlier reports 
in which i( has been suggested that mast cells we : not playing 
a critical role in initiating or promoting lunit Fib; > as (27), and 
that bleomycin-induced lung fibrosis is jnaffected : the absence 
of mast cells (28, 29), As to the effeci of hulofu. i lone on the 
number of mast cells, our observation is consist*: : with earlier 
published results indicating no effect of lialofuginO} : on the num- 
ber of mast cells in vivo in murine graft -versus-ho; disease (1 3). 
In 8ny event, this is currently subjeci to futtheir : vestigation. 

Current therapeuticoptions for pulmonary fibro i i are limited. 
Steroids, alkylating agents, nonsteroidal amMnflarn atory prepa* 
rations, antioxidants, immunosuppressive drugs, i i .ucillamine, 
and oolchicin e h ave been used for treatment of pulra > tary fibrosis 
with little success (I), 30, 31). Antiproteases and : ill adhesion 
molecules have been tried as well, but w<sre nonspec c and some 
of them were found to be toxic (32). A$ to the th ipeutic role 




figures, PriotofT>icrograph ihowfnga section of lung from a bieomyrirHreated control rataftor 
6 wk. Note diffuse pneumonitis thickened alveolar walk (oryows), and abundant interstitial sol. 
lagen {orrowheadi). Mernato*ylin-eoim stain. Original magnification; «125. 
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Figure 6. Photomicrograph showing a $ectfon of lung Iron) bleomycin-treatcd concrol rat. The 
section was processed for immunobfiiochemlcal detection of mast cells using anUchymase enO- 
bodies Note conspicuous spa/sity of mast cells after 6 wk {arrow). Alkaline phosphatase and 
hematoxylin staining. Original magnification; *125, 



of the antioxidants, tissue injury by oxidants and proteases may 
not be key factors leading to pulmonary fibrosis (5). 

Recently, researches have been partially successful in using the 
bleomycin -induced pulmonary fibrosis model for the evaluation 
of the antifibrotic effect of anti-tissue necrosis factor (anri-TNP), 
antl-iruerleuklrM receptors <ami-lL-lR), anti-transformiftg growth 
factor 0 (anti-TOFp) antibodies, as well as ami-imerfcron y (and- 
IFNt) P3-35). 

Inhibitors of collagen synthesis, deposition, and cross-linking 



have been tried as ancifibrosis factors in the pas: (11). How ■ er, 
this approach of nonspecifically inhibiting collagen prodtu on 
may result in major adverse effects. In contrast, halofugin .ie, 
at very low doses is a speci He inhibitor of collagen type 1 (12 1 5), 
and presumably affective during increased meabolic acti ■ ty, 
which means that ft might be harmless to tissue with lower I i 'n- 
over rates. This, obviously, deserves further investigation 

Based on the present experimental results^ wc propose to m- 
sider halofuginone as a potential novel therapec.tic agent for ; re- 




Figure ?, Photomicrograph showing a section of lung from a bleomycin-ireatad rat who received 
halofuginone. The section was processed ! for immunQhistochemical detection, of mast cells as 
dmtfbftB'irTMm appearing air spaces (AS) as weH as pronounced anuchymase. 

positive reaction indicating presence of mast cells alter 6 w* {arrows). Alkaline phosphatase and 
hematoxylin staining. Original magnification: *12S. 
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vemion and probably also for treatment or pulmonary fibrosis 
in a variety of clinical situations. Because it is unlikely thai a 
single drue will suffice for adequate treatment of the whole 
spectrum of pulmonary fibrosis, one has to look for additives 
and possibly synergistic effects between halofugi none end other 
molecules, such as amicytokines, anti-TGF^ in particular, and 
cytokine recepror antibodies in the hope of finding the best treat- 
ment for lung fibrosis and other fibrotic conditions. 
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Abstract 

Stromal myofibroblasts play an important role in tumor 
progression. The transition of fibroblasts to myofibroblasts 
is characterized by expression of smooth muscle genes 
and profuse synthesis of extracellular matrix proteins. We 
evaluated the efficacy of targeting fibroblast-to-myofibro- 
blast transition with halofuginone on tumor progression in 
prostate cancer and Wilms' tumor xenografts. In both 
xenografts, low doses of halofuginone treatment, inde- 
pendent of the route of administration, resulted in a 
trend toward inhibition in tumor development. Moreover, 
halofuginone synergizes with low dose of docetaxel in 
prostate cancer and vincristine and dactinomycin in 
Wilms' tumor xenografts, resulting in significant reduction 
in tumor volume and weight comparable to the effect 
observed by high doses of the respective chemotherapies. 
In prostate cancer and Wilms' tumor xenografts, halofu- 
ginone, but not the respective chemotherapies, inhibited 
the synthesis of collagen type I, a-smooth muscle actin, 
transgelin, and cytoglobin, all of which are characteristics 
of activated myofibroblasts. Halofuginone, as the respec- 
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tive chemotherapies, increased the synthesis of Wilms' 
tumor suppressor gene product (WT-1) and prostate 
apoptosis response gene-4 [Par-4) t resulting in apopto- 
sis/necrosis. These results suggest that targeting the 
fibroblast-to-myofibroblast transition with halofuginone 
may synergize with low doses of chemotherapy in 
achieving a significant antitumoral effect, avoiding 
the need of high-dose chemotherapy and its toxicity 
without impairing treatment efficacy. [Mol Cancer Ther 
2007;6(2):570-7] 

Introduction 

Most solid tumors consist of a mixture of neoplastic and 
nonneoplastic cells together with extracellular matrix 
(ECM) components. This cellular microenvironment di- 
rectly modulates tissue architecture, cell morphology, and 
cell fate (1, 2), and the ECM-stromal cell interaction 
contributes to the neoplastic phenotype (3). The conversion 
of fibroblasts into myofibroblasts, as mediated by trans- 
forming growth factor-pl (TGF-pl), is the most prominent 
stromal reaction in a large number of epithelial lesions 
(4-6). In addition to the major increase in ECM compo- 
nents, the fibroblasts that acquire an activated phenotype, 
the myofibroblasts are characterized by expression of 
smooth muscle genes such as a-smooth muscle actin 
(aSMA) and transgelin (SMA22<x; refs. 4, 7). The myofibro- 
blasts are associated with the tumor cells at all stages of 
cancer progression (8) and, in various malignancies, tumor- 
dependent differentiation of fibroblasts toward myofibro- 
blasts further promotes neoplastic progression (9-12). 

It is well established that collagen type I, the major ECM 
component produced by myofibroblasts, not only functions 
as a scaffold for the tissue but also regulates the expression 
of genes associated with cellular signaling and metabolism, 
gene transcription, and translation, thus affecting funda- 
mental cellular processes that are essential for tumor 
progression (13). Collagen type I accumulation has been 
observed at the tumor-stroma boundary (2, 14), and the 
TGF-fi- dependent activation of neighboring stroma cells 
leads to a survival advantage and increased metastasis 
formation (15). Collagen type I has been hypothesized to be 
a signal for invasion, and its intratumoral expression level 
has been associated with increased tumor invasiveness 
(16, 17). The association of collagen type I with stellate cell 
activation- associated protein, also known as cytoglobin 
(Cygb/STAP), which has been hypothesized to regulate 
collagen synthesis under tine control of TGF-p, is charac- 
teristic of cells that exhibit an activated phenotype (18, 19). 

Cancer patients often face aggressive chemotherapy 
that involves multiple-treatment regimens, which are 
associated with significant side effects that adversely affect 
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the patient's quality of life. Thus, an ideal anticancer 
treatment should simultaneously target both the malignant 
cells and their microenvironment to inhibit tumor growth, 
development, and invasion. Until recently, the lack of 
specific inhibitor(s) of any component of the ECM, in 
general, and of collagen type I, in particular, limited the 
success of such an approach. Halofuginone, an analogue of 
the plant alkaloid febrifugine, is an inhibitor of collagen 
type I synthesis (for review, see refs. 20, 21 and references 
therein). Halofuginone blocks TGF- (3 -mediated collagen 
synthesis by decreasing activation of Smad3 through 
increased expression of Smad7, an inhibitor of Smad2/3 
activation, and by a c-jun- dependent mechanism (22-24). 
In culture, halofuginone attenuated collagen synthesis by 
skin fibroblasts from scleroderma and chronic graft-versus- 
host disease (cGvHD) patients. In animal models of fibrosis 
(adhesions, cGvHD, radiation-induced fibrosis, and pulmo- 
nary fibrosis), administration of halofuginone prevented the 
increase in collagen al(I) gene expression and collagen 
synthesis. In the liver, halofuginone inhibited the synthesis 
of collagen type I and aSMA, resulting in inhibition of 
stellate cell activation and liver fibrosis (25). Human clinical 
efficacy was shown by topical dermal administration of 
halofuginone in patients with scleroderma and cGvHD (21). 
Halofuginone-dependent inhibition of collagen type I 
synthesis was associated with inhibition of microvessel 
formation in vitro and in vivo and resulted in decreased 
tumor growth in multiple murine models (26), including 
transplantable and chemically induced bladder carcinoma, 
glioma, von-Hippel-Lindau- associated pheochromocytoma 
(27), prostate cancer (28), and Wilms' tumor (29). 

In the present study, we targeted the fibroblast-to- 
myofibroblast transition with halofuginone and evaluated 
its antitumoral effect alone or in combination with low 
dose of chemotherapy in human prostate and Wilms' 
tumor xenografts. 

Materials and Methods 
Materials 

FCS, DMEM, and trypsin-EDTA solution (0.02-0.25%) 
were obtained from Biochemical Industries (Bet Haemek, 
Israel). Sirius red F3B was obtained from BDH Laboratory 
Supplies (Poole, United Kingdom). Halofuginone bromhy- 
drate was obtained from Collgard Biopharmaceuticals Ltd. 
(Tel Aviv, Israel). Polyclonal rabbit anti-human prostate 
apoptosis response gene-4 (Par-4) and anti- Wilms' tumor 
suppressor gene product (WT-1) antibodies were obtained 
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). 
Proliferating cell nuclear antigen staining kit was obtained 
from Zymed Laboratories (San Francisco, CA). Monoclonal 
antibodies to aSMA were from DAKO A/S (Glostrup, 
Denmark). Antibodies to Cygb/STAP were prepared as 
previously described (18). Dactinomycin (Cosmegen) was 
from Merck & Co., Inc. (West Point, PA); vincristine was 
from Pharmachemie BV (Haarlem, the Netherlands), and 
docetaxel (Taxotere) was from Aventis Pharma (Surrey, 
United Kingdom). 



Animals and Experimental Design 

All animal experiments were carried out according to 
the guidelines of the Volcani Center Institutional Commit- 
tee for Care and Use of Laboratory Animals. Nude (CD1 
nu/nu) male mice (Harlan Laboratories, Jerusalem, Israel) 
were housed in cages (four per cage) under conditions of 
constant photoperiod (12 light:12 dark) with free access to 
food and water. During the experiments, tumor size was 
determined with a caliper (formula: length x width x 
depth x 0.5236) and is presented as mean ± SE. Prostate 
cancer xenografts were established by implanting the 
human cell line PC3 (American Type Culture Collection, 
Rockville, MD) in Matrigel (4 x 10 6 cells/mL) s.c. using 
a 27-gauge needle (28). Treatments were initiated when 
the tumors reached a volume of 100 mm 3 . Halofuginone 
was given in the diet at a concentration of 3 ppm 
throughout the experiment (-0.15-0.30 mg/kg). Doce- 
taxel in saline (6 or 12.5 mg/kg) was administered i.v. into 
the tail vein on day 0 and 15 days later, and the control 
groups were treated with saline alone. The Wilms' tumor 
xenografts were established from tumors derived from a 
3-year-old female with a stage I favorable histology tumor, 
in accordance with the National Wilms' Tumor Study 
Group. The establishment and maintenance of the Wilms' 
tumor xenografts were previously described in detail (29). 
Wilms' tumor cells (3 x 10 6 ) in Matrigel were injected 
s.c. and treatment was initiated 4 days later. Halofuginone 
(at 2 fig/mouse) was injected i.p. every other day. 
Chemotherapy was given as low doses of dactinomycin 
(0.525 mg/mL saline) once a week and of vincristine 
(0.583 mg/mL saline) once every 3 weeks, or as high doses 
of dactinomycin (1.575 mg/mL saline) once a week and 
of vincristine (1.75 mg/mL saline) once every 3 weeks. 

Preparation of Sections, In situ Hybridization, and 
Immunohistochemistry 

At the end of the experiments, tumors were collected and 
fixed overnight in 4% paraformaldehyde in PBS at 4°C, 
Serial 5~\im sections were prepared and embedded in 
Paraplast Samples were stained with Sirius red for col- 
lagen. In situ hybridization for collagen al(I) was done as 
previously described (25). The primers used for preparing 
the transgelin (SMA22a) probe were F-GGCCAACA- 
AGGGTCCATCCTAT and R-AGGACATTGGCTTCCAA- 
GGACA. 

The sense probes elicited no signal Immunohistochem- 
istry was done with anti-Par-4 (1:500), anti-WT-1 
(1:1,000), anti-Cygb/STAP (1:500), and anti-cxSMA (1:200) 
antibodies. Peroxidase activity was revealed by using 
3,3'-diaminobenzidine as chromogen. 

Cell Culture and Northern Blots 

The androgen-independent human prostate PC3 cancer 
cells were cultured in DMEM with 10% FCS in the 
presence of various concentrations of halofuginone. Total 
RNA was extracted with TRIzol reagent after 6 and 12 h, 
and Par-4 gene expression was analyzed by Northern 
blotting. The primers used were F-GCAGATCGAGAA- 
GAGGAAGC and R-CATAAAAGGTGGCACACATCA, 
which resulted in a 998-bp probe. 
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Table 1. Effect of halofuginone, alone and in combination with docetaxel (Taxotere), on tumor development in prostate cancer 
xenografts 



Treatment 



Day 10 



Day 21 



Day 26 



Volume (mm) 3 



Day 30 
Weight (g) 



Control 

Halofuginone 

Taxotere (6 mg/kg) 

Halofuginone + Taxotere (6 mg/kg) 

Taxotere (12.5 mg/kg) 



310 ± 60 a 
126 ± 48 a 
247 ± 74^ 
155 ± 51 a 
226 ± 75 a 



450 ± 90 a 
201 ± 97 ab 
331 ± 97 ab 
173 ± 55 b 
185 ± 50 b 



582 ± lll a 
254 ± 95 ab 
327 ± 89 ab 
182 ± 63 b 
186 ± 48 b 



1.56 ± 0.3 a 
0.70 ± 0.2 ab 
0.81 ± 0.2 ab 
0.46 ± 15 b 
0.47 ± 10 b 



NOTE: During the experiments, tumor volume was determined with caliper and tumor weight was evaluated at the end of the experiment. The results are 
presented as mean ± SE of five to seven animals in each group. In each column, means without a common superscript differ significantly (P < 0.05) according 
to Duncan's multiple range test. 



Statistical Analysis and Image Analysis 

Data were subjected to one-way ANOVA and means 
were separated by Duncan's multiple range test. Fibrosis 
levels, as exhibited by Sirius red staining, were analyzed by 
ImagePro software (Media Cybernetics, Inc. Silver Spring, 
MD). At least five sections taken from different animals 
were used and the mean results were expressed as 
arbitrary units. 

Results 

Effects of Combination Therapy on Tumor Deve- 
lopment 

Two animal models were used to evaluate the effect of 
inhibition of fibroblast activation by halofuginone, alone or 
in combination with low doses of chemotherapy, on tumor 
progression. In the control animals with prostate cancer 
xenograft, tumors derived from PC3 cells reached a mean 
volume of 582 mm 3 after 26 days and a mean weight of 1.56 
g after 30 days. A trend in the reduction of tumor volume 
and weight was achieved with low doses of either 
halofuginone (3 ppm in the diet) or docetaxel (6 mg/kg) 
alone (Table 1). When the two treatments were combined, 
both the tumor volume and weight were significantly lower 
than those in the controls and reached the levels of tumors 
treated with a high dose of docetaxel (12.5 mg/kg). The 



same tendency was observed in the Wilms' tumor xenograft 
model: the control tumors reached a mean volume of 686 
mm 3 84 days after tumor cell implantation (Table 2), and a 
low dose of halofuginone or of chemotherapy (dactinomy- 
cin and vincristine) caused a reduction in tumor volume at 
any point of evaluation. When the treatments were 
combined, a significant reduction in tumor volume as 
compared with that in the controls was observed, and it 
reached comparable measurements as in tumors treated 
with a high dose of chemotherapy. These results suggest 
that the combination of systemic treatment with a low dose 
of halofuginone, either given in the diet or injected i.p. 
together with a low dose of chemotherapy, results in the 
same therapeutic effect as high-dose chemotherapy alone. 
Effect of Halofuginone on Fibroblast Activation 
Acquisition of an activated phenotype by fibroblasts is 
associated with increased ECM production, especially of 
collagen type I and its regulator Cygb/STAP, and 
increased expression of the smooth muscle genes ctSMA 
and tmnsgelin. In both xenografts, the control, untreated 
tumors exhibited all the characteristics of activated 
fibroblasts [i.e., a large number of cells expressing the 
collagen (otl) type I gene resulting in high levels of collagen 
deposition (Fig. 1), as well as a large number of cells that 
synthesize Cygb/STAP and otSMA (Fig. 2)]. In addition, 



Table 2. Effect of halofuginone, alone and in combination with chemotherapy, on tumor development in Wilms' tumor xenografts 



Treatment 


Day 66 


Day 72 


Day 75 


Day 84 






Volume (mm 3 ) 




Control 

Halofuginone 

Chemotherapy (low) 

Halofuginone + chemotherapy (low) 

Chemotherapy (high) 


71 ± 32 a 
44 ± 31 a 
26 ± 12 a 
17 ± 3.0 a 
11 ± 1.7* 


330 ± 50 a 
80 ± 50 ab 
56 ± 29 ab 
24 ± 8.4b 
16 ± 2.3 b 


338 ± 107 a 
84 ± 50 ab 
67 ± 20 ab 
24 ± 8.5 b 
18 ± 2.7»» 


686 ± 100 a 
125 ± 20 ab 
99 ± 20 ab 
30 ± ll b 
17 ± 2.6 b 



NOTE: Chemotherapy was given at low doses of dactinomycin (0.525 mg/mL) once a week and vincristine (0.583 mg/mL) once every 3 wks or at high doses of 
dactinomycin (1.575 mg/mL) once a week and vincristine (175 mg/mL) once every 3 wks. During the experiments, tumor volume was determined with a 
caliper. The results are presented as mean ± SE of five to seven animals in each group. In each column, means without a common superscript differ 
significantly (P < 0.05) according to Duncan's multiple range test. 



Mol Cancer Ther 2007;6(2). February 2007 



Molecular Cancer Therapeutics 573 



the activated fibroblasts in the Wilms' tumor xenografts 
expressed high levels of the transgelin (SMA22<x) gene 
(Fig. 2). No transgelin expression was observed in the 
prostate cancer tumors of naive or treated mice (data not 
shown). According to its unique mode of action, halofu- 
ginone inhibited the synthesis of all of these genes, both in 
the prostate cancer and in the Wilms' tumor xenografts, 
which suggests a similar mechanism of action. For 
example, collagen content (Sirius red staining) was 
inhibited with halofuginone alone by 2.3- and 2.0-fold 
and with aSMA by 2.5- and 1.7-fold in prostate cancer and 
Wilms' tumor xenografts, respectively. On the other hand, 
the expression of these genes and the synthesis of their 
proteins were not affected by the respective chemothera- 
pies (docetaxel in prostate cancer, dactinomycin plus 
vincristine in Wilms' tumor xenografts). However, when 
the mice were treated with halofuginone and the respective 
chemotherapy, almost complete inhibition of synthesis of 
collagen (5.0- and 3.1 -fold in prostate cancer and Wilms' 
tumor xenografts, respectively) and aSMA Cygb/STAP 
(4.1- and 3.5-fold in prostate cancer and Wilms' tumor 
xenografts, respectively) and of transgelin gene expression 
was observed (Table 3; Figs. 1 and 2). 
Effect of CombinationTherapy on WT-1 and Par-4 
The TGF-pl gene is under the control of the Wilms' 
tumor suppressor gene product (WT-1) via the WT-l/Egr-1 
consensus element in its promoter (30). The level of WT-1 
was low in the untreated Wilms' tumor and prostate cancer 
xenografts (Fig. 3), but both halofuginone and the 



respective chemotherapy treatments caused major 
increases in WT-1 levels. In the prostate cancer tumors, 
an additive effect on WT-1 levels was observed when the 
mice were treated with both halofuginone and docetaxel 
whereas no such effect was observed in Wilms' tumor 
xenografts. However, in both xenografts, halofuginone and 
the respective chemotherapy caused reductions in tumor 
cell proliferation, which resulted in apoptosis/necrosis, as 
indicated by proliferating cell nuclear antigen staining. 
When the treatments were given together, only a small 
number of the tumor cells still maintained their cell cycle 
(Fig. 4). WT-1, through its zinc-finger DNA binding 
domain, interacts with the prostate apoptosis response 
gene-4 (Par-4) leucine repeat domain (31). Both halofugi- 
none and docetaxel, alone and in combination, increased 
the level of Par-4 in PC3 xenografts by 9.2-, 9.5-, and 
10.1-fold, respectively (Table 3; Fig. 4). In addition, 
halofuginone increased Par-4 gene expression in PC3 cells 
in culture in a dose-dependent manner at all time points 
tested (Fig. 4). Par-4 was not detected in the Wilms' tumor 
xenografts before or after treatment either with halofugi- 
none or with dactinomycin and vincristine, or with the two 
treatments in combination (data not shown). 



Discussion 

Increasing survival rates of cancer patients and the trend 
toward higher doses of toxic multimodality therapies have 
stimulated a focusing on the health-related quality of life of 
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Figure 1. Collagen type I 
gene expression and collagen 
content in prostate cancer and 
Wilms' tumor xenografts. The 
untreated mice {Con} expressed 
a high level of collagen q1(I) 
gene {arrows) and a high level 
of collagen, as evaluated by 
in situ hybridization and Sirius 
red staining {collagen stained 
red), respectively. Halofuginone 
{Halo), alone or in combination 
with chemotherapy {Halo + Che- 
mo), but not the respective 
chemotherapies alone {Chemo), 
attenuated collagen a 1(1} gene 
expression and collagen content. 
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Figure 2. Cygb/STAP, aSMA, and transgelin In prostate cancer and Wilms' tumor xenografts. The untreated mice exhibit high levels of Cygb/STAP and 
aSMA [arrows), as evaluated by immunohistochemistry. Halofuginone, alone or in combination with chemotherapy, but not the respective chemotherapies 
alone, attenuated Cygb/STAP and aSMA levels. The untreated Wilms' tumor xenograft expressed high levels of the transgelin gene, as evaluated by in situ 
hybridization, which were inhibited by halofuginone, but not by dactinomycin and vincristine. 



cancer survivors, which may continue to be of concern long 
after treatment has been discontinued. This applies espe- 
cially in relation to Wilms' tumor pediatric patients, for 
whom the aim of most recent clinical trials has been to 
reduce the overall treatment burden, as the achievement of 
long-term survival by means of the heavy treatment burden 
is frequently accompanied by severe early and late 
complications (32). Myofibroblasts or cancer-associated 
fibroblasts together with ECM components provide the 
microenvironment that is pivotal for cancer cell growth, 
tumor invasion, and metastatic progression (8). Thus, 
inhibition of fibroblast activation may become a viable 
approach for tumor treatment, especially when combined 
with chemotherapy. In the prostate cancer and Wilms' 
tumor xenografts, low doses of halofuginone, independent 
of the route of administration, together with low doses of 
the respective chemotherapies, were as efficacious as the 
high chemotherapy doses (Tables 1 and 2). Thus, targeting 
the ECM and its cell population with halofuginone enables 
reduction in the chemotherapy dose without impairing the 
efficacy of the treatment. This is probably because diversity 



of modes of action is a prerequisite for a successful 
combination therapy. In prostate cancer and Wilms' tumor 
xenografts, halofuginone, but not the respective chemo- 
therapies, affected collagen al(I) gene expression and 
collagen content. These results are consistent with our 
previous findings that halofuginone inhibited collagen type 
I synthesis in various preclinical studies in which excess of 
collagen was the hallmark of the disease (20, 21), and 
halofuginone-dependent inhibition of collagen type I 
synthesis was correlated with reduction in tumor progres- 
sion (26, 27). In addition, only halofuginone inhibited the 
synthesis of Cygb/STAP, which is known to regulate 
collagen synthesis under the control of TGF-p (18, 19), a 
finding that is consistent with the notion that halofuginone 
acts through the inhibition of Smad2/3 phosphorylation 
downstream of TGF-p (22-24). The expression of Cygb/ 
STAP was up-regulated in fib ro tic lesions of the pancreas 
and kidney in which activated fibroblast-like cells or 
myofibroblasts are known to proliferate (18). In the liver, 
Cygb/STAP is synthesized in activated stellate cells that are 
aSMA positive (33). Cygb/STAP probably is involved in 
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Table 3. Effect of halofuginone, alone and in combination with chemotherapy, on collagen, aSMA, Cygb/STAP, and Par-4 in prostate 
cancer and Wilms' tumor xenografts 



Protein 



Treatment 





Control 


Halofuginone 


Chemotherapy 


Halofuginone + chemotherapy 


Collagen (arbitrary units) 








0.17 ± 0.04 b 


PC 


0.85 ± 0.05 a 


0.37 ± 0.04 b 


0.80 ± 0.06 a 


WT 


0.70 ± 0.05 a 


0.35 ± 0.05 b 


0.72 ± 0.04* 


0.23 ± 0.03 b 


aSMA (arbitrary units) 








0.15 ± 0.01 b 


PC 


0.61 ± 0.04 a 


0.24 ± 0.02 b 


0.65 ± 0.05 a 


WT 


0.54 ± 0.08 a 


0.32 ± 0.04 b 


0.51 ± 0.04 a 


0.15 ± 0.03 b 


Cygb/STAP (arbitrary units) 








0.23 ± 0.01 b 


PC 


0.92 ± 0.1 l a 


0.45 ± 0.04*> 


0.89 ± 0.07 a 


WT 


0.74 ± 0.11a 


0.33 ± 0.08 b 


0.71 ± 0.08 a 


0.21 ± 0.01 b 


Par-4 (arbitrary units) 








0.30 ± 0.04 b 


PC 


0.03 ± 0.01* 


0.27 ± 0.06 b 


0.29 ± 0.04 b 



NOTE: Image analysis using ImagePro software was done on at least five sections taken from different animals and the mean results were expressed as 
arbitrary units. In each line, means without a common superscript differ significantly (P < 0.05) from the control according to Duncan's multiple range test. 
Abbreviations: PC, prostate cancer; WT, Wilms' tumor. 



cellular oxygen homeostasis and supply and plays a role as 
an 0 2 reservoir that is used under hypoxic conditions, such 
as those occurring in fibrotic tissues and tumors with 
insufficient oxygen supply. Cygb/STAP expression is up- 
regulated under hypoxia and is regulated by the hypoxia- 
inducible factor 1 (19), which regulates angiogenesis and is 
overexpressed in human cancers and their metastases (34). 
The inhibition of angiogenesis by halofuginone, in general 



(26), and of prostate cancer and Wilms' tumor xenografts, in 
particular (28, 29), may suggest the involvement, at least in 
part, of hypoxia-inducible factor 1 -dependent Cygb/STAP 
overexpression in angiogenesis and tumor progression. 

The fibroblast-myofibroblast transdifferentiation is asso- 
ciated with the expression of aSMA and transgelin 
(SMA22a). In hepatic fibrosis, halofuginone inhibited the 
activation of liver stellate cells, which is characterized by 



PC xenograft 



WT xenograft 



Figure 3. WT-1 and tumor 
cell cycle. A low level of WT-1 
was observed in the untreated 
mice, as shown by immunohis- 
tochemistry (arrows). Both hal- 
ofuginone and the respective 
chemotherapy caused increases 
in the level of WT-1 . Most of the 
cells in the untreated mice are in 
their proliferative state, as indi- 
cated by immunohistochemistry 
with anti -proliferating cell nu- 
clear antigen (PCNA) antibodies, 
Halofuginone and chemotherapy 
treatments caused apoptosis/ 
necrosis, and when the mice 
were treated with both halofugi- 
none and chemotherapy, almost 
no proliferative cells were ob- 
served. 
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WT-1 
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Figure 4. Par-4 in prostate cancer xenograft. A, immunohistochemistry 
of Par-4 in control mice (a), mice treated with halofuginone (b), mice 
treated with docetaxel (C), and mice treated with halofuginone in 
combination with docetaxel (d). B, PC3 cells were incubated with 
halofuginone and, at the end of the experiment, Par-4 gene expression 
was detected by Northern blot analysis. The 28S rRNA was used as a 
control of RNA loading. 

their transformation from quiescent, vitamin A-storing 
cells to highly proliferative, aSMA-positive cells that 
synthesize large amounts of collagen type I (25). The high 
levels of transgelin gene expression in the Wilms' tumor 
xenografts and the high levels of ctSMA-positive fibro- 
blasts in prostate cancer and Wilms' tumor control, 
untreated xenografts were inhibited by halofuginone, but 
not by the respective chemotherapies (Fig. 2). It is 
important to note that the aSMA-positive activated 
fibroblasts in the prostate cancer tumors did not express 
transgelin, and that even in the Wilms' tumor tumors, not 
all the aSMA-positive cells expressed transgelin, which 
suggests not only that the stromal fibroblasts differ from 
myofibroblasts of the reactive stroma but also that the 
myofibroblasts themselves are not a homogeneous popu- 
lation. This should be taken into account in strategic 
planning to inhibit the fibroblast-to-myofibroblast transi- 
tion as a novel modality for cancer therapy. As transgelin 
and aSMA are regulated by TGF-p via the Smad3 
pathway (35-37), halofuginone, an inhibitor of Smad3 
phosphorylation, is probably an excellent candidate for 
such a strategy. 

Previously, we showed that halofuginone stimulated the 
in vitro synthesis of the zinc- finger suppressor gene WT-1 
by Wilms' tumor and prostate cancer cells. In addition, 
halofuginone-dependent inhibition of Wilms' tumor 
growth was associated with increased synthesis of WT-1 
(29). Overexpression of the WT-2 gene has been observed 
in various tumors, although its specific role and those of its 



alternative splicing variants in tumorigenesis are not clear 
(38-40). In PC3 cells, halofuginone increased the level of 
the WT-1 54-kDa product but lowered that of the truncated 
36-kDa product (data not shown). WT-l-induced apoptosis 
has been implicated in the actual development of the 
tumor (38, 41). In prostate cancer, WT-1 suppressed tumor 
cell growth, regulated the androgen-signaling pathway, 
and inhibited vascular endothelial growth factor expres- 
sion, all of which are essential for tumor growth inhibition 
(42, 43). Although halofuginone induced a significant 
increase in WT-1 synthesis in both xenografts used, the 
respective chemotherapies induced WT-1 synthesis to a 
greater extent (Fig. 3). The halofuginone-dependent in- 
crease in WT-1 synthesis may be due to the interrelation- 
ships between WT-1 and TGF-p, which function via the 
WT-l/Egr-1 consensus element of the human TGF-J5 (30). 
The increases in WT-1 synthesis elicited by halofuginone 
and the respective chemotherapies were associated with a 
decrease in the number of proliferating cells and increased 
apoptosis/necrosis of tumor cells, especially when the 
treatments were applied in combination (Fig. 3). Thus, 
the beneficial effect of the combination therapy is pro- 
bably greater than can be deduced from tumor size alone 
(Tables 1 and 2). The association of WT-1 and apoptosis 
in the prostate cancer xenograft was mediated, at least in 
part, by Par-4, one of the WT-1 -interacting proteins that 
is functionally required, but is not sufficient, for apoptosis 
(31, 44). Halofuginone and the respective chemotherapies 
increased Par-4 in the prostate cancer xenograft and 
halofuginone increased Par-4 gene expression in the PC3 
cell line (Fig. 4). 

At present, halofuginone is being evaluated in cancer 
clinical trials. Systemically, therapeutically effective plasma 
levels can be reached at a dosage that is well tolerated. No 
dose-limited toxicities were observed at 1 mg/d and the 
recommended dose for phase II studies of halofuginone is 

0. 5 mg administered daily (45). In cancer patients, the 
absorption of halofuginone after oral drug administration 
was associated with maximum peak drug levels at 3.4 ± 
4.8 h. The estimated terminal elimination half-life had 
mean values of 28.3 ± 12.9 h, and only 4% to 12% of the 
administered dose of halofuginone was excreted un- 
changed in the urine, mainly in the first 24 h after drug 
administration. The area under the curve reached at the 
recommended dose of 0.5 mg/d is within the range in 
which antitumor efficacy was observed in preclinical 
studies (45). Consequently, thanks to the unique mode of 
action of halofuginone, its use in combination therapy, in 
association with other cancer-combating drugs that exhibit 
different modalities, is expected to successfully lower the 
dosages of chemotherapeutic drugs or to use less toxic 
compounds, thus offering reductions in the treatment 
burden imposed on cancer patients. 
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